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ABSTRACT

Author: Seo, Gang. MSBME
Institution: Purdue University
Degree Received: May 2018
Title: Bionode5.0: A miniature, wireless, closed-loop biological implant for neuromodulation
Major Professor: Pedro Irazoqui
The needs for electrotherapy, using electrical devices, are significantly increasing, due to
limitations that pharmaceutical therapies may have, such as unignorable side effects and meager side
effects on a multitude of cardiovascular and neurological diseases. To research on electrotherapy
using an implantable electronic module, a miniature, wireless, and closed-loop implantable device,
called "Bionode", has been developed at Center for Implantable Device, directed by Dr. Pedro
Irazoqui. Bionode4.1, the most recent version of the Bionode, is a device that consists of three
different printed circuit boards(PCB), including a wireless communication system, an inductive
power receiving system, and a two-channel recording system with a stimulator that has an ability to
output a biphasic constant current stimulation. However, a few issues were brought to the surface
during the fabrication process and in-vivo animal tests: 1) Unwanted data loss due to the failure of
communication between the device and the Base Station, 2) stimulator's imbalanced output with
glitches and noise, 3) structural complexity that made debugging and constructing the device
difficult, 4) device configuration, which could not be customized for the specific applications. These
limitations found in Bionode 4.1 led to the development of the new version of Bionode, "Bionode
5.0". In order to increase the fidelity of the data transmission, a meandered inverted F trace antenna,
which can cover the 2.4 GHz industrial, scientific, and medical (ISM) radio band, was designed and
implemented in the wireless communication system of the Bionode 5.0. In order to resolve the
stimulation issue, the old stimulator built in Bionode 4.1 was replaced with an upgraded stimulation
circuitry that consists of the additional feedback system and the switches for suppressing the
imbalanced pulses and controlling the unwanted glitches on the output. Re-optimizing the overall
floor plan of the device and utilizing a new type of board-to-board connector solved the issues related
to the structure and customizability. As a result, Bionode 5.0 with the smaller volume and the larger
utilizable surface area resolved the issues that Binode4.1 had and would potentially allow the users to
widely

utilize

the

new

version

in

various

applications

for

the

medical

research.
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1. INTRODUCTION

1.1. Bionode
Over the last four years, Center for Implantable Device (CID) at Purdue University,
directed by Dr. Pedro Irazoqui, has designed and developed a module of biological implant,
called "Bionode". Bionode is a miniature, wireless, and closed-loop implantable device for
various potential medical applications: detection and suppression of epileptic seizures, treatment
of gastroparesis, monitoring and therapeutic modulation of intra-ocular pressure for glaucoma,
electromyography (EMG) signal sensing from injured muscles for prosthesis control, and
intracardiac monitoring for arrhythmias.

Figure 1: The previous versions of Bionode

The needs for electrotherapy using electrical devices are significantly increasing, due to
limitations that pharmaceutical therapies may have, ranging from critical side effects to meager
effects on a multitude of cardiovascular and neurological diseases [1-5]. As the knowledge
regarding underlying mechanisms of human’s each organ system continues to grow, various
creative approaches for treatments are being introduced, and cutting-edge electronic technologies
have supported those ideas to become feasible. As a result, the development of the implantable
electronic module, such as Bionode, which has the functions of recording and stimulating
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targeted cells through wireless communication, has opened up a new innovative direction in the
biomedical field.
1.2. Bionode 4.1
In order to conduct research on electrotherapy using implantable electronic modules,
various implantable devices that can be tested on rodent models have been designed [6-10].
Because miniaturization and higher efficiency of powering the device oftentimes serve as crucial
driving factors in designing an implant, currently developed implants primarily use application
specific integrated circuits (ASICs) [6-10]. While the ASICs reduces the size and increases the
power efficiency, they leave the challenge for reproducibility of the device due to the complex
manufacturing process and the high cost, especially in a situation where they are reproduced in
normal laboratories. Moreover, the narrow range of application makes them hard to be adaptive
to alternative applications.
Bionode has been designed to include commercial off-the-shelf components, so it can be
easily reproduced and utilized in a wider range of applications. Ever since the first version of
Bionode was designed, it has undergone multiple iterative processes to have its system
reinforced and upgraded with additional features.

Figure 2: Three PCBs of Bionode 4.1
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Figure 3: A sample plot of biphasic constant current stimulation

Bionode4.1 is the most recent version of the Bionode, which consists of three separate
printed circuit boards (PCBs): The Bionode mainboard, Powernode, and Feed-through Board.
The key features include a recording system with two analog-front-end (AFE) channels and a
stimulation system that has an ability to output a biphasic constant current stimulation with an
amplitude of up to 10 mA.

Figure 4: The Base Station
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Figure 5: Bionode DataView: a graphical user interface for Bionode control

Both features can be controlled by a user via a wireless communication system that
connects the Bionode, the Base Station, and the user PC. A PC graphical user interface called
"Bionode DataView" has the ability to display and save the data recorded by the Bionode in real
time and allows the user to update the setting for stimulation and recording. Serving as a bridge
between the Bionode and the user PC, the Base Station wirelessly supports the Bionode to have a
stable communication with the user through a Wi-Fi link.

Figure 6: Wireless Powering Transfer (WPT) chamber for wireless powering
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The Bionode mainboard consists of all necessary components for recording, stimulation,
and wireless communication, while the powering function is exclusively controlled by the
Powernode. To power the system, the device utilizes both inductive power transfer from a
Wireless Powering Transfer (WPT) chamber through a magnet coil connected to the rectifier
circuits on the Powernode and the power from the rechargeable 3.6V Lithium-ion coin battery.
The Powernode then uses either the output of the rectifier or the output of the battery to generate
the power rails going into the Bionode mainboard. Lastly, the Feedthrough Board simply
connects the electrodes to the Bionode mainboard. If a user needs more than two recording
channels, “Daughter Board,” which only contains two channels of AFE, can be manually wired
to the Bionode mainboard and the Feed-through Board.
Once all three boards with the battery are assembled together, they can be then
encapsulated with a cylindrical 3D printed package and coated with bio-compatible medical
grade adhesives.

1cm
Figure 7: The packeaged Bionode 4.1

As it was designed, the Bionode 4.1 sufficiently carried out most of its tasks. However,
similar to previous versions of Bionode, few issues arose in Bionode4.1 design. During the
fabrication process and in-vivo animal tests, the following issues appeared: 1) Unwanted data
loss due to the failure of communication between the device and the base station, 2) stimulator's
imbalanced output with glitches, 3) structural complexity which makes debugging and
constructing the device difficult, 4) device configuration which could not be customized for the
specific applications.
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1.3. Bionode 5.0
Limitations found in Bionode 4.1 led to the development of the new version of Bionode,
"Bionode 5.0". In order to promote stronger wireless communication between the Bionode and
the Base Station, a new antenna was designed and embedded in the system. The old stimulator
built in Bionode 4.1 was replaced with an upgraded stimulation circuitry that consists of
additional feedback system and the switches to suppress the imbalanced pulses and control the
unwanted glitches on the output. In order to overcome the construction issues, caused by the
original structural complexity, the overall floor plan and configuration of the device were
redesigned by using a different board-to-board connection and composition. Not only did the
new design simplify the structure, but it also decreased the overall volume of the device and
increased the surface area, which ended up creating a space for the new antenna and stimulation
circuitry. Moreover, those extra spaces were utilized to implant additional analog-front-end
channels and power regulators to stabilize power rails.
This paper mainly explores how the Bionode 5.0 was designed and highlights the key
features that were upgraded from the previous design. The first section of the method provides
the overview of the structural design of Bionode 5.0 and explains the details of each board. The
last two sections of the method describe the experimental setups for both bench-top and in-vivo
animal tests. The rest of the paper addresses the results of the design and the experiments as well
as discussions about the significance of the results and encountered challenges that can possibly
motivate the future study.
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2. METHODS

2.1. Bionode 5.0 Design Overview
2.1.1. Bionode 4.1 Specifications and Target Specifications for Bionode 5.0
Table 1: Bionode 4.1 specifications and target specifications for Bionode 5.0
Category
Width (a packaged device)
Height (a packaged device)
Length (a packaged device)
Volume(a packaged device)
Weight(a packaged device)
Weight(a device only)
Total utilizable surface area of
PCBs
Detachability
Customizability
Number of AFE
Transmission fidelity at 2m
(free air)
DC offset
DC blocking
cap
Transmission
noise
Stimulation
Turn-on glitch
Impedance
measurement
Total power consumption
(without stimulation, 5k Hz
sampling rate)

Bionode 4.1
2.22 cm (diameter)
2.22 cm (diameter)
5.87 cm
22.72 cm3
19.7 g
13 g

Target
< 1.5 cm
< 1.5 cm
< 4.1cm
< 16cm3
< 14 g
<9g

11.896 cm2

> 18 cm2

Bad
Bad
2

Good
Good
4

1.72 %

> 90 %

Yes

No

No

Yes

Yes

No

Yes

No

Not available

Available

50mW

< 50mW

Table 1 shows a brief summary of the specifications of Bionode 4.1 and as well as the
target values for Bionode 5.0. The primary goals of upgrading the Bionode 4.1 to 5.0, were to fix
the transmission and stimulation issues and to make the configuration and the structure of the
device simpler. In addition, since it is an implantable medical device, the smaller size with
lighter weight was desired. Thus, the target specification includes a 30% reduction in both size
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and weight of the packaged device as well as 90% transmission fidelity and the upgraded
stimulator features.

2.1.2. Bionode 5.0 Structural Design
The most challenging part of this upgrading process was to create a new device design,
which was to promote a simpler and smaller model than the previous design, but still contains a
more space for additional features for the new recording and stimulation circuitry with a
renovated antenna. In addition, making the device customizable was also another key feature that
needed to be added.
The process for re-optimizing the entire design began with the process of dividing the
old design into smaller segments based upon their roles to make the device easier to customize
depending on the application. As a result, the Powernode and the mainboard with Feed-through
Board from Bionode 4.1 were reformed into four separate PCBs: Feed-through Board, Power
Board, Daughter Board, and Mother Board.
As a cap of the device, the Feed-through Board prevents external coating material and
body fluid leaking into the case. Moreover, it serves as a dock for electrodes and provides firm
connections between electrodes and the boards. The Power Board, the main power source of
Bionode 5.0, is in charge of generating proper power rails for the different systems on the
Mother Board and the Daughter Board using either wireless powering system or a battery. The
Daughter Board attached to the Mother Board is basically an analog-front-end of Bionode 5.0.
Once analog inputs come through the Feed-through Board, it filters and amplifies them before
the inputs reach the Mother Board. As its name indicates, the Mother Board is the main board
that processes both inputs and outputs of the system. Through the Base Station, the user can give
commands to the Mother Board and receive recorded data from it. The key features that are
included in the Mother Board are a microcontroller, the new antenna, and the stimulator
circuitry.
The next step was to figure out the overall arrangement and connections of each board in
order to re-optimize the structure of the device. To achieve the design goal of making the new
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device smaller and simpler, several challenges had to be overcome. First, the placement of the
battery had to be as far away as possible from the antenna and magnet coils to ensure the
expected performance level of transmission and wireless powering. Since the coin cell type
battery, chosen for Bionode 5.0, was simply a chunk of metal, it could easily interfere with the
electromagnetic fields of both coils and the antenna [11-13]. As it is shown in Figure 8, the
resonant frequency of both coils got shifted when the coin battery was placed close to the coils.
Also, when it was placed right underneath the antenna, the S11 of the antenna increased by 3 dB.
Thus, minimizing the overlaps while keeping enough spaces among these three components was
one of the essential goals of the design.

Figure 8: Smith charts that shows the resonant frequency shifting due to battery

Second, the front coil and top coil on Power Board for wireless powering should not be
too close to each other. Since current wireless power system requires both coils to resonate at the
same frequency as of power source, any mismatch of resonant frequencies between the coils and
the output of power source can cause a significant drop in power transmission efficiency [14-18].
If the distance between two coils is too close, the resonant frequency of each coil tends to push
each other and both become apart from the targeted frequency.
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Table 2: Resonant frequency shifting due to the insufficient distance between two coils
Distance between Two Coils
3m

4m

Coil

Resonant Frequency of Coil

Front

343.6MHz

Top

346.63MHz

Front

344.32MHz

Top

345.3MHz

Table 2 indicates how the distance between two coils, which are tuned at the resonant
frequency of the cage as close as possible, affects the turn-on power of the device. As expected,
when the coils were too close to each other, one of the coils became out of tune and was not able
to efficiently receive the wireless power from the source. Thus, based on the result shown in the
table, 4 mm was set to be the minimum distance between the two coils.
Considering all these issues, various designs for Bionode 5.0 were discussed and
analyzed with the test results. Based on the advantages and disadvantages, the most optimal
arraignment of the three boards was determined.

Figure 9: Cylindrical structure with series connections
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Since the coin battery of the device was a major factor that drove the dimension and the
shape of the device, the first design shown in Figure 9, mainly focused on matching the shape
and the dimension of the boards to the battery dimension. The Power Board, which contains the
coils, was connected to the Mother Board perpendicularly and the Mother Board, the Daughter
Board, and the Feed-through Board were connected in series respectively using pin connectors.
As it is shown in Figure 9, placing the battery between two circular boards minimized the space
for the battery. However, this design did not provide boards sufficient spaces to include all the
components required for the upgrades, and there were empty spaces created by the Power Board
connected to the Mother Board perpendicularly.

Figure 10: Rectangular structure with series connections and back-plane connections

To reinforce the first design, the shape of the device became rectangular as it is shown in
Figure 10. All the connections remained the same, but the right-angle connector between the
Mother Board and the Power Board was placed close to the upper edge of the Mother Board, so
the position of the battery could be moved under the Power Board. This new design saved the
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empty space around the Power Board; however, an issue was identified as the coils attached to
the Power Board required an extra space next to the battery.
Meantime, the new trace antenna was designed for better data transmission. Even though
the size of the antenna was kept as small as possible during the design process, the Mother Board
was not large enough to fit the new antenna with other components. Because increasing the size
of the Mother Board would cause an overall increase of total height or total width of the device
in this configuration, the Power Board was modified in order to obtain enough space for the new
antenna. As a result, having the Power Board as the largest board amongst all boards led to an
idea of making the Power Board the backbone of the device and using backplane connections to
attach the Mother Board and the Daughter Board on it. However, due to the complexity of the
routes that input signals had to travel through, the idea was shelved.

Figure 11: Final design: a pocket shape with right-angle connections
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The final design resolved most of the issues that the other candidate designs had. Instead
of connecting the boards in series and placing the battery at the end, the final design uses Sullins
Connector Solution’s 1mm-pitch right-angle connectors to connect all four boards to form a
"pocket" for the battery. The first merit of this new design is the independence of each board In
the other candidate designs, stimulator output must go through the Daughter Board to reach the
electrodes on the Feed-through Board. However, the final design does not need the Daughter
board as a stimulator, and it allows the device to stimulate without the Daughter Board. Thus, on
the Daughter Board, only the input analog signals pass through, and most of the digital signals
are processed on the Mother Board. Physically separating analog signal paths from other digital
signal paths is also another merit that the final design has; it reduces the interference of analog
signals to the digital signal [19-21].
This independence allows the device to have various customized Daughter Board based
on the application. For example, depending on what kinds of biological signals the device
targets, the Daughter Board with proper analog-front-ends can be easily built separately and
attached to the Mother Board for certain uses in the experiment. The attachment utilizing the
pin-socket connection, instead of solder connection, also makes each board even more
independent from each other.
With this design, the device has a smaller volume with a larger utilizable surface area
than the other designs. By moving the battery closer to the Feed-through Board and farther away
from the coils, no extra space is needed for the coils. And the pocket shape of the device
maximizes the utilizable surface area of each board, which is essential to include the additional
components and the new antenna on the boards. This optimization results in about 25% reduction
of length and 213.6% increase of a surface area from the previous designs.
One of the concerns with regard to moving the new antenna to the Power Board from the
Mother Board in the previous design, was that increasing the length of the path between the
antenna and the microcontroller would adversely affect the antenna performance because any
uncoupled copper trace or metal strip, such as connector pin, would radiate and act as a part of
the antenna [11-13]. The final design with the larger Mother Board resolves this problem by
keeping the antenna as close as possible to the Mother Board.
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Figure 12: The final design mockup of Bionode 5.0

Figure 13: Overview of the Bionode 5.0 connections and the components
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The most significant merits of the final design are its detachability, customizability,
independence of each board, a smaller size with a larger utilizable surface area, and the
minimum physical distance between the antenna and the microcontroller.

2.2. Mother Board
2.2.1. Overview

Figure 14: Block diagram of Mother Board circuitry

Figure 15: Altium layout of Mother Board and the actual PCB
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Similar to the Corenode of Bionode 4.1, the Mother Board in Bionode 5.0 plays a role as
a central nervous system of the device. Like the human spine, all the other three "peripheral"
boards have a direct connection with the Mother Board, and they either transmit input signal or
receive orders through a connection. As a brain of the device, the microcontroller on the Mother
Board processes input analog signals coming from the Daughter Board and convert them to
digital signals to transmit to the Base Station through the antenna. For stimulation and the battery
switch control, the microcontroller sends out digital signals to a digital-to-analog converter
(DAC) and switches to control their outputs.
2.2.2. Microcontroller
The previous version of Bionode used a Nordic Semiconductor's nRF51822 system on
chip (SoC), which integrated a microcontroller with an embedded ARM Cortex-M0 processor
and a 2.4GHz transceiver for low power Bluetooth and wireless applications [22]. For the new
Bionode nRF52832, an upgraded version of nRF51822 SoC, was included instead of nRF51822.
Compared to ARM Cortex-M0 in nRF51822, nRF52832 with an ARM Cortex-M4F processor is
45.9% faster at executing tasks per second [22]. Not only the higher clocking speed of CPU, but
also the larger program memory and RAM are key features of the new microcontroller on
Bionode 5.0 [22].
2.2.3. New Stimulation Circuitry

Figure 16: Block diagram of the new stimulator circuitry
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In Bionode 4.1, several issues related the stimulator were found: 1) Imbalanced output
pulse signal due to DAC reference tolerances, 2) Charge reduced output pulses due to the DC
blocking capacitor built up with charge, 3) Transmission noise on the stimulation lines, 4)
Unexpected glitches on the output caused by power surges from various parts’ power-up
sequences.

(a)

(b)
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Power On

(c)

(d)
Figure 17: Bionode 4.1 stimulation issues: (a) Stimulation without a DC blocking cap, (b) Charge
reduced signal when a DC blocking cap is connected, (c) DC offset on the signal, (d) Unexpected glitches
on the output node of the stimulation when the device is turned on

The first and the second issues were caused primarily due to a DC offset of DAC output.
The offsets not only shifted the entire reference level of the stimulation output, but also charged
the DC blocking capacitor connected in series to the output, even if the stimulator was in the offstate. As it is shown in Figure 17b, the pulse train was severely distorted when it was stimulated
with a charged DC blocking capacitor. Removing the DC blocking capacitor is an option to
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resolve this distortion, but it would allow an unintended consistent DC output flowing into the
targeted cells, which can affect their physiology. Thus, in order to fix the imbalanced stimulation
output caused by the DC offset of DAC output, a closed-loop feedback system that adopts a
voltage comparator was added to the stimulator circuitry. By comparing the output of the DAC
with the reference voltage level, the microcontroller continuously calibrated the DC level of
DAC output to the reference level.
Although there was still a potential for a small charge offset to fluctuate around the
reference level that could slowly charge the DC blocking capacitor, a switch for shorting the
capacitor was utilized to prevent the capacitor from being charged when the system was not
actively stimulating.
Another issue was the induction of transmission noise on the stimulation lines. The
stimulator circuitry on Bionode 4.1 shared its power rails, including the references, with the
microcontroller. As a result, instantaneous fluctuations were experienced on the reference line
whenever the microcontroller transmitted a data packet because of the high level of energy
needed for the transmission. The new Bionode design solves this problem by allowing the Power
Board to generate stimulator reference lines, isolated from the microcontroller.
Lastly, when the device power was turned on and off, sudden drops or increases of
voltage on the output of the stimulator were found, but this issue was resolved. From several
tests on the stimulator circuitry, it was found that the glitches were caused by power surges from
various components’ power-up sequences. In order to fix this issue, extra switches were added to
have a more precise control of the power-up sequence of the components in the stimulator. In
particular, a current pump, using high voltage rails, seemed to be a major cause of the glitch;
hence, three different switches were attached to the pump to control its power-up timing.
Along with these fixes on the stimulator, an impedance measurement circuitry is added to
the output stage of the stimulator. By sensing the voltage difference across the load and the
current going through the load, the impedance at the output node of the stimulator can be
calculated using Ohm’s Law [18]. This measurement is an indicator that shows whether the
system is properly stimulating or not, and how the condition of the load has changed over the
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course of time.

All these changes on the new stimulator were initially designed by Dan

Perderson and Jesse Somann at CID.
2.2.4. New Antenna
When Bionode 4.1 was designed and implanted in a rat for experiments. data loss caused
by weak wireless connection between the device and the Base Station was a critical issue to be
resolved. Even when the antenna on the Base Station was replaced with a more powerful
antenna, the transmission from Bionode 4.1 was not strong enough to send recorded data through
the animal fat and skin. The antenna used in Bionode 4.1 was a straight monopole trace antenna
with a length of 15.5mm. Due to space constraints on the main PCB of Bionode4.1, the antenna
had to be about 3mm shorter than the 18.4mm quarter wavelength of the fields to be radiated at
2.45GHz [11-13].
According to the results from sample transmission tests using Bionode4.1, the percentage
of data loss during communication between the Bionode4.1 and the Base Station through the air
dramatically increased, as the distance from the Base Station increased. When the device was
placed nearby the Base Station, 10.52% of sent packets were lost. When the distance between the
device and the Base Station increased to 1m, the percentage of data packets loss became 44.26%.
Lastly, at the distance of 2m, the Bionode4.1 could successfully transmit only 0.72% of the total
data packets, which reveals that 98.28% of sent packets were lost. Because it is obvious that
transmitting the data from the inside the animal body is much more challenging than transmitting
through the air, this fidelity would decrease even more dramatically when the device is
implanted.
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(a)

(b)

(c)
Figure 18: Bionode 4.1 percentage of data packets lost: (a) 10.52% packet loss when it transmits at 0 m,
(b) 44.26% packet loss when it transmits at 1 m, (c) 98.28% packet loss when it transmits at 2 m
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Table 3: Bionode 4.1 percentage of data packets lost
Distance between the Bionode4.1 and the Base
Station

The Percentage of Data Packets Lost

0m

10.52%

1m

44.26%

2m

98.28%

To maintain a high rate of successful transmission, a more powerful antenna was required
for Bionode 5.0. During the early stages of designing the Bionode 5.0, several candidates for a
new antenna type were considered: 1) Patch antenna, 2) Chip antenna, 3) Trace antenna.
A patch antenna is a type of antenna that consists of a patch of metal over a larger ground
plane. Because there was a no such off-shelf patch antenna that satisfied our target size and
frequency band, it was considered to design a custom patch antenna that could be fabricated in
CID lab using a milling machine. However, in order to implement a patch antenna with physical
dimensions constrained to those specified by the Bionode that correspond to the correct fraction
of wavelength of a 2.45GHz wave, it was required to have a material with dielectric constant of
45 [11-13], which was not available at any vendor online. Even though it might be possible to
design a patch antenna on an off-shelf substrate with a maximized dielectric constant and
exercise loading techniques, such as appropriately adding surface-mount capacitors, the idea of
using a patch antenna was deferred due to its complexity of manufacturing in-house.
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Figure 19: Fidelity test results of the chip antennas: (a) Test setup, (b) Fidelity at 0 degree angle, (c)
Fidelity at 45 degree angle, (d) Fidelity at 90 degree angle

Another candidate was a surface mounted ceramic chip antenna, which is technically a
small cavity resonator, consisting of two conductive surfaces with a gap in between filled with
the ceramic material. Because the performance of a chip antenna heavily depends on the test
setups, particularly the size of the ground plane and the material of the board, most of the offshore chip antennas performed differently from what was described in their data sheets when
they were actually implanted in the system. Hence, only a few off-shore chip antennas seemed to
satisfy both the size constraint and the specifications of the new Bionode, and they were selected
and added on to a mock version of Bionode5.0 for fidelity tests. The selected chip antennas were
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ANT016008LCS2442MA2 from TDK, ANT2012LL13R2400A from YAGEO, and 1001312
from Ethertronics Inc. The three different chip antennas were compared based on a simple
fidelity testing as shown in Figure 19. Each mock device with a different antenna transmitted
data to the Base Station for 10 seconds at five different distances from the Base Station with
three different angles. The distances used in the test were 1ft, 3ft, 5ft, 7ft, and 9ft, and, at each
distance, the device was placed at 0, 45, and 90 degrees relative to the base station. Then, the
data received from the device were processed through a fidelity test code written by Dan
Pederson at CID. Based on the results shown in Figure 19, regardless of the distance and the
direction, none of the chip antennas satisfied the target specification, which was 90%
transmission fidelity at 2m away from the Base Station. Therefore, the idea of using a chip
antenna as a new antenna for Bionode5.0 was also deferred.
Due to the unsatisfactory performance level of the chip antenna and complexity of
designing a customized patch antenna, it became necessary to design a new trace antenna for the
Bionode 5.0. The antenna type selected for the new design was the meandered inverted F
antenna (MIFA). The design was created based off an off-shore trace antenna, AN043, from
Texas Instruments [23]. The first goal of the design was to obtain a reflection less than -10 dB
across the 2.45 GHz ISM band when it received RF energy from a 50Ω source. The reflection
indicates how much of RF energy is not transmitted through the antenna and reflected back to the
source [11-13]. The reflection expressed in S11 in dB, a scattering parameter that indicates a
reflection coefficient, was measured by a RF network analyzer, VNA. The value varies between
−∞ dB for the complete transmission of energy and 0 dB for the complete reflection from the
antenna back to the source [11-13]. Thus, the reflection of -10dB means that 90% of RF energy
is transmitted through the antenna [11-13].
The next goal of the design was to make the antenna radiate omni-directionally, so that
the RF power can dissipate uniformly in all directions in one plane. The directionality is an
important factor in designing the Bionode because the device implanted in an animal must be
able to transmit and receive data regardless of the location and the position of the subject in the
experimental setup, such as WPT chamber.
For the impedance matching to a 50 Ω source at the targeted 2.45GHz ISM band, the
antenna alone should not require any matching components. Nonetheless, when the antenna is
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added to the Bionode 5.0, a matching network needs to be placed in between the microcontroller
and the new antenna to match the impedance of any unmatched transmission lines to 50 Ω.

Figure 20: Meandered inverted F antenna design and the mockup

Beginning with an imitation of AN043 design [23], numerous modifications had been
made on the design until a mockup antenna board that meets the targeted specifications could be
fabricated in the CID lab using a milling machine.
As shown in Figure 20, the final design has a form of MIFA and fits in 14.5mm x 7.8mm
surface area. For the reflection measurement, the mockup antenna board was connected to a
network analyzer with an SMA connector and an RF coaxial cable. The measurements were
performed in three different setups: 1) The antenna in the free space, 2) The antenna in a plastic
case that mimicked the case for Bionode 5.0, 3) The antenna in a plastic case wrapped by a pork
bacon tissue phantom which had approximate 300g mass and 12mm thickness. The meat
phantom was used in order to imitate the loading condition in animal body [12-13].
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Figure 21: S11 of the antenna in different circumstances

Table 4: S11 of the antenna in different circumstances
S11
Free Space

Plastic Case Plastic Case + Meat

2.4 GHz

-13.3 dB

-19.5 dB

-13.9 dB

2.45 GHz

-29.1 dB

-16.9 dB

-14.3 dB

2.5 GHz

-12.4 dB

-8.5 dB

-9.5 dB
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Table 5: The lowest S11 and -3dB bandwidth of the antenna in different circumstances
Free Space

Plastic Case

Plastic Case + Meat

Peak

-32.8 dB at 2.46GHz

-29.1 dB at 2.42GHz

-15.0 dB at 2.44GHz

-3dB Bandwidth

22 MHz

23 MHz

152 MHz

Based on the S11 plots, the reflections at 2.45GHz for all three cases were less than -10
dB. The antenna tended to have the lowest peak with the narrowest -3dB bandwidth when it was
measured in free space. When it was placed in a plastic case wrapped around with a meat
phantom, the magnitude of the peak decreased by about 15 dB and the -3dB bandwidth increased
by 130MHz. These results indicated that the reflection of the antenna would vary based on the
loading conditions, but the new antenna should be able to transmit over 90% of the RF energy it
receives even inside the animal body.

(a)
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(b)

(c)
Figure 22: Radiation pattern of MIFA in different circumstances: (a) Free air, (b) Plastic case, (c) Plastic
case wrapped with a 300g meat phantom

Using the same setups in an anechoic chamber, the radiation patterns of the antenna were
measured to confirm whether it was omnidirectional or not. As a result, shown in Figure 22, the
antenna radiated omni-directionally regardless of the surrounding conditions. As it was expected,
the S21, representing the power received at the chamber’s antenna relative to the power input to
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the new antenna for the Bionode 5.0, became lower when it radiated inside of the plastic case
wrapped with a meat phantom.
2.3. Daughter Board

Figure 23: Block diagram of Daughter Board circuitry

Figure 24: Altium layouts of Daughter Board and the actual PCB
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As briefly introduced earlier in the paper, the 14mm x 20mm PCB with four AFE
channels is called the "Daughter Board" of Bionode5.0. As the same as Bionode4.1, each AFE
consists of a filtering stage and two amplification stages. Depending on the application, a
different passive filter can be used for the filtering stage. In general, a passive low-pass filter is
for filtering noise induced by inductive powering through coils, and a passive high-pass filter is
for minimizing a drifting DC offset on differential input signal, such as electrocardiogram
(ECG), electrocorticogram (ECoG), and electromyogram (EMG) [24]. The following stage
differentially amplifies the filtered signal using a Texas Instruments INA333, which has low
power consumption (50 ��) and high input impedance (100G Ω) [25]. The second amplification
stage, consisting of a rail-to-rail operational amplifier (op-amp) and passive components, has an
active bandpass filter topology. For the second stage op-amp, a Texas Instruments OPA2348,
which is a dual op-amp with a low supply current of 45 �� and a wide bandwidth of 1M Hz, is
used [26]. Because it is a dual op-amp, one OPA2348 per two channels of AFE is used. Thus,
total two OPA2348 are used for four channels AFE on the Daughter Board. After the filtering
and amplification process, the analog signals are sent to the Mother Board through a right-angle
connector.
The overall design of AFE is similar to Bionode 4.1's AFE, except for two features: 1)
OPA2348 dual op-amp in the second amplification stage, 2) Isolated power rails for AFE.
Compared to the AFE on the Bionode 4.1, which consists of an INA333 and a OPA2313, a
different dual op-amp made in Texas Instruments, the AFE on the Bionode 5.0, has lower power
consumption and noise floor. Thus, the Daughter Board of the new Bionode contains OPA2348
instead of OPA2313. The details of the comparison are shown in the supplementary section.
The previous design of the Bionode obtained a single voltage regulator and a single
voltage reference shared among AFEs and other components on the board such as the
microcontroller and the stimulator circuitry. Due to a different powering sequence of each
component, the regulated voltages for the power supply and the reference tended to become
unstable. This instability of power rails and reference voltage could serve as a cause of a drifting
DC offset and unexpected fluctuation of input signals traveling through the AFEs. Thus, on the
Daughter Board of Bionode5.0, there are separate voltage regulator and voltage reference only
for the AFEs in order to locally create the isolated a power rail and the reference voltage.
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2.4. Power Board

Figure 25: Block diagram of Power Board circuitry

Figure 26: Altium layouts of Power Board and the actual PCB

Similar to the Powernode of the Bionode4.1, the main components of the Power Board
are rectifiers with two magnet coils for wireless powering and a battery with a switch. However,
all the regulating, boosting, and inverting of the rectified voltage are made on the Power Board.
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Like the Daughter Board, in order to isolate the power rails and the reference voltage for the
microcontroller and the stimulation circuitry on the Mother Board, the Power Board has its own
separate voltage regulators and references [21]. Another major change from Bionode4.1 was that
the power rails became single-ended, instead of being dual-ended. The entire system of the
Bionode4.1 utilized both positive and negative rails for the power supply and used the ground as
a reference. However, operating the system with dual-ended power rails required an extra
voltage regulator for a negative power rail and an op-amp with a regulator for generating the
ground when a single battery was used. Also, the negative regulator used in the Bionode4.1 had
an instability issue that caused unexpected fluctuation of stimulation output. Therefore, in order
to reduce the number of components and the potential risk factor that destabilizes the stimulator
circuitry, the single-ended power rails, generated from the positive rectified voltage and the
ground were used for the Bionode5.0.
The overall wireless powering system of Bionode4.1, using inductive power transfer,
remained the same in the power circuitry of the Bionode5.0's Power Board. When the implant
within the animal body is placed inside of the WPT chamber, a circulating magnetic field inside
of the chamber generates power for the device through the two magnet coils oriented
perpendicular to each other [14-16]. Through the impedance matching networks for maximizing
the power transfer efficiency, the AC power harvested by the coils is transferred to a full-wave
rectifier. In order to generate single-ended power rails, the rectifier provides the positive DC
voltage and the ground, which is the center level between the rectified positive and negative DC
voltage. Then, the high-frequency RF noise on the rectified voltages is filtered through a passive
low-pass filter [14-16]. The filtered outputs of the rectifier are then utilized to generate regulated
power rails for the AFE on the Daughter Board as well as the microcontroller, DAC, and the
switches in stimulator circuitry on the Mother Board. For the stimulator circuitry, the rectified
voltages are also used to generate higher voltage rails through voltage doubler and inverters.
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10.6mm

10.6mm
7.5mm
8.15mm

Figure 27: Dimension of the front coil (left) and the top coil (right)

Besides the single-ended power rail, the dimension and the shape of the coils were also
modified. As shown in Figure 27, the new coils with a rectangular shape have larger dimensions
than the circular coils used in Bionode4.1. Based on Faraday's Law, a larger dimension of the
coils, which creates a larger area orthogonal to the direction of the magnetic flux, increases the
chance of inducing a larger voltage in the coils. [14-16] In other words, the Bionode5.0 is
expected to be turned on with a lower wireless power, compared to the Bionode4.1.
2.5. Feed-through Board

Figure 28: Altium layouts of Feed-through Board and the actual PCB

The role of the Feed-through Board did not change from the Bionode 4.1’s, but the
structure was modified in order to be comparable to the other PCBs of Bionode 5.0. The Feedthrough Board, a 16.5mm x 13.8mm PCB, plays a role as a cap that physically insulates the
Bionode from the external environments and fixes the position of the device inside the case.
Also, it prevents external coating material and body fluid leaking into the case and damaging the
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device. Another important role of the Feed-through Board is to provide a strong connection
between the electrodes and the boards inside of the case. Through a right-angle connector, the
Mother Board sends out an output of the stimulator to the electrode plugged into the Feedthrough Board. Similarly, the input analog signals coming through the recording electrodes are
fed into the AFE on the Daughter Board through the right-angle connector between the Daughter
Board and the Feed-through Board. For the electrode connection on to the board, the Feedthrough Board contains the male pin headers soldered on to it, so the electrodes with female
sockets can be easily plugged into the board.
2.6. 3D Printed Case

Figure 29: CAD design and a prototype of the 3D printed case for Bionode 5.0

Before the Bionode goes into the animal body, the device must be packaged with a solid
case first and then coated with bio-compatible medical grade adhesives. The package design is
crucial since it is a key factor that determines an ultimate size of the implant. For the initial
design of the Bionode 5.0 case, which had a hollow cuboid structure, extra few millimeters were
added on every side to create an extra space within the case. Those extra spaces were created to
prevent the coils from touching the case and to increase the distance between the coils if the
4mm gap was not enough for the tuning. Moreover, these extra spaces could also be used for
fixing the position of the Feed-through Board within the case and for covering the connectors
between the electrodes and the Feed-through board with silicon in order to prevent any leaking
through the connectors. For fabrication, formlab’s Form 1 3D printer in CID and its clear resin
were used.
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2.7. Bench-top Test Setup
After each board has populated, several preliminary tests, using test equipments—a
power supply, a signal generator, and an oscilloscope—needed to be conducted on each board
before they were fully assembled into Bionode5.0. In case of Bionode4.1, when the Corenode
was not functioning properly, pinpointing the cause of the problem was difficult, but figuring out
the cause of debugging was far more challenging, as the board contained different parts of the
components without having them physically separated from one another. The new Bionode
design with clearly independent boards allows relatively easier testing and debugging processes
than the design of Bionode4.1. This constitutes one of the big merits of upgrading Bionode to the
5.0 version.
2.7.1. Power Board Bench-top Test

Figure 30: Bench-top test setup for the Power Board of Bionode 5.0

The role of the Power Board is to receive power from the external power source and use
it to generate proper power rails for the Mother Board and the Daughter Board. Thus, if the
expected voltage is measured at each output node of the power rail when the input power is fed
into the board, the Power Board can be considered as a working module.
In order to avoid any risks that can possibly detune the coil during the manufacturing
process, soldering and tuning the coils are kept as the last tasks that must be done right before
packaging fully-assembled Bionode5.0 in the case. Therefore, a high-frequency sine wave from a
signal generator was used as an input to the board for preliminary testing, instead. As it is shown
in Figure 30, the populated Power Board is plugged into a connecting board and the output of the
signal generator is connected to the rectifier on the Power Board. Using the test pins on the
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connecting board, following output voltages should be checked: 1) The rectified DC voltage
(3.5V~4.0V), 2) The ground, 3) 1.8V regulated voltage, 4) 1.8V reference voltage, 5) 0.9V
reference voltage, 6) 2.7V regulated voltage, 7) The doubled rectified voltage (7V~8V), 8) The
inverted doubled voltage (-8V ~ -7V).
Another feature that must be tested is the battery control system. First, the battery switch
control pin has to be connected to the ground to set the switch closed. The amplitude of the input
signal then has to be increased until the rectified voltage becomes larger than 3.6V and turns on
the PMIC, connected to the battery. Because both the PMIC and the switch are on, the voltage
level of each power rail should stay consistent even when the input signal goes off.
2.7.2. Daughter Board Bench-top Test

Figure 31: Bench-top test setup for the Daughter Board of Bionode 5.0

Similar to the Power Board testing setup, two separate connecting boards with test pins
are utilized to test the Daughter Board. One is for inputting a sample signal from the signal
generator, and another is for sending the output of AFE to the oscilloscope and for powering the
op-amps. Based on filter and gain setup of the AFE, a sine wave signal with different parameters
is fed into the Daughter Board. For instance, if the AFE channel is set for ECG recording, a sine
wave with a frequency of 100Hz and an amplitude of 100uVpp are used as an input to the AFE
[24] and, as an output, a sinusoidal waveform with a frequency of 100Hz and an amplitude of
100mVpp should be displayed on the oscilloscope screen.
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2.7.3. Mother Board Bench-top Test

Figure 32: Bench-top test setup for the Mother Board of Bionode 5.0

In order to run a bench-top test for the Mother Board, the microcontroller on the board
must be programmed first with the Bionode5.0 firmware, written by Dan Pederson, a colleague
at CID. After programming, the working Power Board is connected to the Mother Board to
supply all the power rails it needs. Once it is confirmed that all the power rails are properly going
into the Mother Board, the tester should be able to check whether the microcontroller on the
Mother Board is communicating with the Base Station properly or not by using the Bionode
DataView software on PC. If the Mother Board successfully transmits and receives data, the
stimulator can be tested by connecting a 5k Ω resistor between the positive and negative output
pin of the stimulator and measure the output across the resistor, which is a biphasic square wave
pulse train, with an oscilloscope. Using the Bionode DataView, the tester can change the
parameters of the stimulation output to verify the functionality of the stimulator. For the
recording test, the fully tested Daughter Board is attached to the Mother Board and the input
signals from the signal generators are fed into the Daughter Board. Similar to the Daughter
Board test, the Daughter board passes down analog outputs of each recording channel to the
Mother Board and the microcontroller on the Mother Board digitalizes them through ADC and
transmits them to the Base Station. The tester then uses Bionode DataView to verify the recorded
signals, transmitted from the Base Station.
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2.8. In-vivo Acute Animal Test
Once all three boards are tested on the bench top, the fully assembled Bionode5.0 can be
tested on a live animal. In order to record various biological signals simultaneously, two different
setups for the in-vivo acute experiment using a rat were planned out. The first setup used two
channels of AFE to record an ECG signal and a neural signal, and the next setup was for a fourchannel recording, which measures two different ECoG signals, one ECG signal, and respiration
via thermal sensor. The reason why a neural signal was not included in the four-channel
recording was because the current firmware setup for Bionode5.0 and the Base Station allowed
the device to sample the data at a maximum rate of 25kHz in total. Thus, if the device is in a
two-channel recording mode, the sampling rate per channel is 12.5kHz, which is the half of its
maximum rate. And if the device uses a four-channel recording, the rate per channel reduces to
the half of 12.5kHz, which is 6.25kHz. Since the neural signal requires a sampling rate to be at
least higher than 10kHz to avoid aliasing, a four-channel recording mode with a sampling rate of
6.25kHz per channel cannot handle the neural signal [24]. Therefore, with the current system
setup, the two-channel recording mode has to be used for the neural signal.
For all acute animal experiments, the overall test setup and the subjects were provided by
Muhammad Abdullah Arafat from CID.

2.8.1. Two-Channel Recording Test

Figure 33: Acute two-channel recording test setup (Channel 1:ECG, Channel 2: Neural signal)
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Using an Arafat's rat with neural electrodes inserted in its brain stem region, a twochannel recording for an ECG signal and a neural signal was performed. As it is shown in the
Figure 33, two wires from one channel of the Bionode5.0 are connected to the electrodes on the
head cap, and a set of ECG electrodes are attached to the paws. For five minutes, the AC that
powered Bionode5.0 records both signals at a rate of 12.5kHz and transmits the data to the PC
through the Base Station in real time.
2.8.2. Four-Channel Recording Test

Figure 34: Acute four-channel recording test setup (Channel 1:ECG, Channel 2,3: ECoG, Channel 4:
Respiratory signal)

The acute four-channel recording test requires a setup simliar to the two-channel
recording test. First, two ECG electrodes are attached to two front paws, and a ground electrode
is connected to one of the back paws. For the ECoG recording, two sets of ECoG electrodes are
plugged into the drill holes at the different spots of the skull. The location of each drill hole is
pre-determined by Arafat. In order to capture the respiratory signal, a thermal senor connected to
one of the recording channels of the Daughter Board is gently placed inside a nostril. Then, the
AC that powered Bionode5.0’s four channels start to record simultaneously at a rate of 6.25kHz.
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2.9. In-vivo Chronic Animal Test

(a)

(b)

(c)
Figure 35: Chronic two-channel recording test setup (Channel 1,2: ECG). (1) The fully packaged
Bionode 5.0, (b) Top view of the rat with the Bionode 5.0 implanted, (c) Side view of the rat with the
Bionode 5.0 implanted

Since Bionode is an implantable medical device, it is essential to verify its functionality
within the animal body. For a chronic test, the success of implantation heavily depends on the
condition of the encapsulation, the resonant frequency of the coils for wireless powering, and the
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strength of the data transmission. Before it was packaged, the front and top coil of the Bionode
5.0 used in this chronic test were tuned at 342.3M Hz and 340M Hz respectively to be able to
receive enough power wirelessly inside of the WPT chamber, which was also tuned at 340M Hz
[14-15]. Then, in order to ensure that the packaged device would not leak inside of the animal
body, the device was soaked in the water for 2 hours before the experiment. Once it was
confirmed that there was no leak, it went through a sterilization process before it was implanted
into the rat.
All the surgical processes were performed by Dan Pederson. The Bionode 5.0 with two
ECG electrodes was implanted in the left flank of the anesthetized rat, and the electrodes were
sutured inside of the chest area, as it is shown in the following figure.

Figure 36: The locations where the ECG electrodes were sutured

After the implantation, the device was turned on with wireless power and used battery
power to transmit the data to the user PC through the Base Station. The sampling rate of both
recording was 12.5k Hz.
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3. RESULTS

3.1. Bionode 5.0 Physical Properties
Table 6: Physical specification of Bionode 5.0
Target Physical Specification
Category

Target

Measured

Width (a packaged device)

< 1.5 cm

1.88 cm

Height (a packaged device)

< 1.5 cm

1.63 cm

Length (a packaged device)

< 4.1cm

4.65 cm

Volume (A packaged device)

< 16cm3

14.25cm3

Total utilizable surface area of
PCBs

> 18 cm2

25.415 cm2

Weight (Device only)

<9g

6.72 g

Weight (A fully packaged device)

< 14 g

13.9 g

Detachability

Good

Good

Reusability

Good

Good

One of the main goals of this upgrade from the 4.0 to 5.0 was to redesign the overall
structure of the device, so that it could be structurally simpler and smaller but had a more
utilizable surface area of PCBs. To achieve this goal, the Bionode4.1 was broken into 4 different
PCBs based on their roles and was reassembled with different connections and configuration. As
a result, shown in Table 6, the Bionode5.0 satisfies most the targeted physical specifications that
were planned in the beginning of the design process.
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Table 7: The surface area of each PCB
PCB

Surface Area (cm2)

Mother Board

6.40

Daughter Board

5.60

Power Board

8.96

Feed-through Board

4.455

Total

25.415

The surface area of each PCB is shown in the table above. The total utilizable surface
area of the 4 PCB is 25.415 cm2, which allows the Bionode 5.0 to contain several new important
features, such as a new antenna with a larger dimension, two additional AFE channels, and the
additional components for the stimulator upgrade. Moreover, the increase of the surface area
makes it possible to use new right-angle connectors that require relatively more space on each
board than the Bionode 4.1’s connectors. In particular, for the current design, only the top side of
the Power Board is used, so the other side of the board can be resumed for the upgrade in the
future.
Table 8: The weight of each PCB and the battery
Features

Weight (g)

Mother Board

1.13

Daughter Board

0.85

Power Board (with two coils)

1.80

Feed-through Board

1.00

3.6V Coin Cell Battery

1.94

Total

6.72

The total weight of the unpackaged Bionode 5.0 is 6.72 g, which includes the weight of 4
PCBs, 2 coils, and a 3.6V coin cell battery. As it is indicated in the Table 8, the battery is the
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driving factor of the total weight of the device. Thus, depending on the type of battery, the total
weight of the device can vary.
A fully packaged and coated Bionode 5.0 has the volume of 14.25cm3 and the weight of
13.9 g. The difference of the weight between the unpackaged device and the packaged device is
7.18 g. Since the final weight and the volume of the device heavily rely on the material property
and the dimension of the outer case, they are subjects to change.
Another goal to accomplish through the new design was to make connections between
each board more easily detachable. Thus, the new design aimed at avoiding soldering wires when
connecting each board. By utilizing the increased surface areas, it was possible to place the
single raw right-angle connectors, which came in female sockets and male pin sets. Detachability
not only makes the overall fabrication process easier, but it also makes the process of
troubleshooting the device easier, which ultimately increases reusability of the device.
3.2. Bionode 5.0 Transmission Fidelity
Another major issue that Bionode4.1 had was unwanted data loss during transmission due
to a loose communication between the Base Station and the Bionode. The transmission fidelity
tended to decrease dramatically as the distance between the device and the Base Station
increased. In addition, the degree of data loss also varied depending on the transmission medium.
The fidelity was relatively higher when the communication was made through the free air than
when it was made through other mediums such as animal fat.
In order to resolve this transmission issue, a new antenna with the MIFA configuration
was embedded in the Mother Board of Bionode 5.0. Compared to the antenna on the Bionode
4.1, both results of S11 and radiation patterns show that the new antenna transmits the RF power
more efficiently and uniformly in all directions in one plane [12-13]. Hence, it was expected that
the transmission fidelity of the Bionode 5.0 should be higher than that of the previous version.
Similar to the fidelity test done on Bionode 4.1, the Bionode 5.0 transmitted the data packets at
the various distances from the Base Station. By using a MATLAB script written by Trevor
Meyer, a colleague at CID, the percentage of data packets dropped was calculated for each data
set transmitted from a certain distance.
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(a)

(b)

(c)
Figure 37: Bionode 5.0 percentage of data packets lost: (a) 0.26% packet loss when it transmits at 0 m,
(b) 1.20% packet loss when it transmits at 1 m, (c) 1.53% packet loss when it transmits at 2 m
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Table 9: Bionode 5.0 percentage of data packets lost
Distance between the Bionode 5.0 and the Base Station

The Percentage of Data Packets Lost

0m

0.26%

1m

1.20%

2m

1.53%

3.3. Bionode 5.0 Stimulation
As aforementioned, there were several issues that were related to the Bionode 4.1’s
stimulator: 1) Imbalanced output pulse signal due to DAC reference tolerances, 2) Charge
reduced output pulses due to the DC blocking capacitor built up with charge, 3) Transmission
noise on the stimulation lines, 4) Unexpected glitches on the output caused by power surges from
various parts’ power-up sequences. As a solution for these issues, a new stimulator with the new
features, developed by Dan Perderson and Jesse Somman at CID, was implemented in the
Bionode 5.0. A feedback system using a comparator was expected to minimize the DC offset of
the DAC output. And a switch that shorts DC blocking capacitor, when the system is not actively
stimulating, was in charge of preventing the charge reduction of the output pulse. For the noise
issue, the separate power rails, isolated from the microcontroller and the AFEs, were generated
locally to supply a steady power and references to the components in the stimulator. To eliminate
the unexpected turn-on glitches on the output of the stimulator, the extra switches were added to
control the power-up sequence of the component that used high voltage rails.
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(a)

(b)
Figure 38: Bionode 5.0 stimulation results: (a) Stimulation with a DC blocking cap across a 5k Ω resistor,
(b) No glitches on the output node of the stimulation when the device is turned on
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According to the results from a sample stimulation test shown in the figure above, none
of the issues that the previous stimulator had appear on the output of the new stimulator. Even
though the reference level of the biphasic pulse train is still not perfectly aligned with the
ground, it keeps getting calibrated back to the ground level, so that the effect caused by the DC
offset can be minimized. Moreover, there are barely any charge reduction or the transmission
noise on the pulses. Figure 38b indicates that there was no glitch or change in the output of the
stimulator when the Bionode 5.0 system power was turned on.

3.4. Bionode 5.0 Recording
3.4.1. Acute Two-channel Recording Test Result

Figure 39: Bionode 5.0 acute two-channel recording test results: (Top) ECG signal recorded through
channel1 at sampling frequency of 12.5k Hz. The AFE was set to the gain of 1,000 and the cutoff
frequency at 3.62Hz and 1.4k Hz, (Bottom) Nerual signal recorded through channel 2 at sampling
frequency of 12.5k Hz. The AFE was set to the gain of 4,000 and the cutoff frequency at 150Hz and
4.7kHz.
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The graphs shown in Figure39 are the results of the acute two-channel recording test that
was performed on a rat with the use of the Bionode 5.0. The first channel was set to the ECG
recording, and the second channel was set to the neural signal recording. The sampling rate for
both signals was 12.5k Hz, which was rapid enough to avoid any aliasing. The plot of the
recorded ECG data shows the distinctive peaks of a PQRST wave without any significant noise
on the signal. Since there are 5 periodical waveforms in every 1 second time window, it can be
assumed that the average heart rate of the rat during the experiment was about 360 bpm, which
fell under the normal range [24]. Different from what it was expected initially, the neural signal
was not clearly detected through the AFE channel. Compared to the amplitude of the noise level
on the signal, the amplitude of neural spikes was not large enough to be clearly distinguished.

3.4.2. Acute Four-channel Recording Test Result

Figure 40: Bionode 5.0 acute four-channel recording test results: (Top Left) ECG signal recorded
through channel 1 at sampling frequency of 6.25k Hz. The AFE was set to the gain of 1,000 and the
cutoff frequency at 3.62Hz and 1.4k Hz, (Top Right) Respiratory signal recorded through channel 2 at
sampling frequency of 6.25k Hz. The AFE was set to the gain of 10,000 at 500 Hz, (Bottom Left and
Right) ECoG signals recorded through channel 3 and 4 at sampling frequency of 6.25k Hz. The AFE was
set to the gain of 1,000 and the cutoff frequency at 3.62Hz and 1.4k Hz.
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The results of the four-channel recording test are shown in Figure 40. The AFE on
Daughter Board used in the experiment contained one channel for ECG recording, one channel
for respiration signal recording, and two channels for ECoG recording. All four channels
recorded simultaneously at the sampling frequency of 6.25k Hz for 5 minutes. Meanwhile, the
Mother Board wirelessly transmitted the recorded data to the user PC through the Base Station in
real time.
Similar to the result of the two-channel recording test shown in Figure 39, the Bionode
5.0 successfully recorded ECG signals. Even though it was recorded at the lower sampling
frequency, the full waveforms with clear PQRST peaks were captured.
The respiration signal recorded through a thermal sensor has a trend of periodic increase
and decrease of the amplitude, which indicates the temperature change inside of the rat’s nostril.
When the rat inhales, relatively colder air comes in through the nostril and decreases the internal
temperature, which is indicated as a falling in the amplitude of the signal. In contrast, the
amplitude increases as the temperature inside of the nostril increases when the rat exhales warm
air straight from its lungs. Since the thermal sensor used in the experiment was extremely
sensitive to its position and surroundings, the noise appeared on the signal as expected, but the
overall rise-and-fall pattern of the signal was clearly captured.
The last two channels were used to record ECoG signals at two different locations on the
exposed surface of the brain to record electrical activity from the cerebral cortex [27]. As the
locations were not far apart from each other, it was expected to see similar signals on both
channels. Based on the two bottom plots of Figure 40 showing the results of two ECoG
recording with a same time window, the electrical activity captured on two different channels
was almost identical, as expected. In sum, the results prove that the Bionode 5.0 has a full
functionality of the four-channel recording for various biological signals.
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3.4.3. Chronic Two-channel Recording Test Result

(a)

(b)
Figure 41: Bionode 5.0 chronic two-channel recording test results. The distance from the Base Station
was 0.5m and the sampling frequency was 12.5k Hz. The AFE was set to the gain of 1,000 and the cutoff
frequency at 3.62Hz and 1.4k Hz.: (a) ECG signals recorded 1 day after the implantation, (b) ECG signals
recorded 4 days after the implantation
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To verify the Bionode 5.0’s functionality as a medical implant, it was packaged in the 3D
printed case and implanted in a rat with two sets of ECG electrodes. 1 day and 4 days after the
surgery was performed, the implant was turned on with a wireless power source and began to
record ECG signals at 12.5k Hz sampling rate. The raw ECG data shown in the plots above are
the results of the two chronic recordings. Since the two ECG electrodes were sutured close to
each other, it was expected to see almost identical results from the two channels. For both
recordings, a full PQRST waveforms of ECG signal were clearly captured on the both channels,
but the overall signal was noisier compared to the results from the acute test. Even though the
signal was sampled at 12.5k Hz, a few linear segments still existed between the PQRST
waveforms. Moreover, there were more distortions observed when it was recorded 4 days after
the implantation.
Table 10: Implanted Bionode 5.0 transmission fidelity
Distance from

Transmission Fidelity

the Base Station

Day 2

Day 5

0.5 m

99.37%

95.70%

1m

98.97%

73.10%

2m

96.05%

71.50%

4m

94.05%

51.30%

A possible cause of these issues is the weak data transmission from the Bionode 5.0.
Based on the result of the fidelity test performed on these data sets, the overall percentage of the
total data packet lost during the experiment higher than the percentage of data lost when being
transmitted through the open air. Compare to the transmission fidelity of the recording done on
the second day at 0.5m distance, the fidelity decreased by 4% when the signal was recorded on
the fifth day. On the fifth day, it seemed the fidelity was more heavily affected by the
transmission distance.
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Implanted Bionode 5.0 Transmission Fidelity
100%
90%
80%

Fidelity

70%
60%
50%
40%
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0%
0.5m

1m

2m
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Distance from the Base Station
Transmission Fidelity Day2

Transmission Fidelity Day5

Figure 42: Transmission fidelity after the Bionode 5.0 was implanted. (Blue: 1 day after the surgery,
Orange: 4 days after the surgery.)

3.5. Bionode 5.0 Customizability

Figure 43: Altium layout and the actual PCB of the customized Daughter Board (left) and the Feedthrough Board (right) for LED control
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One of the goals of this upgrade was to make the Bionode more customizable and more
easily applicable to various research projects. By making each PCB more independent from each
other and using detachable connectors to assemble them, it became possible to substitute any of
the PCBs with a customized PCB for a specific application. For instance, the Daughter Board,
which has a four channel AFE as a default, can be replaced with a customized Daughter Board
with a LED control system for the optical stimulation [28]. The in-house fabricated PCBs shown
in Figure 43 are simply customized Daughter Board and Feed-through Board that was designed
specifically for the LED control and mount. The Daughter Board consists of a logic shifter, a
switch for LED, and voltage regulators for the logic shifter. On the Feed-through Board, there
are a LED mounted on the pads and a current limiting resistor. Once they are connected to the
regular Mother Board and Power Board, the Daughter Board would use power that was
generated from the Power Board to light up the LED and receive a control from the Mother
Board to switch it on and off.
3.6. Bionode 5.0 Power Consumption
Bionode 5.0 Power Consumption at Different Sampling Rate
100
90

Power Consumption [mW]

80
70
60
50

Transmission Only

40

With Stimulation

30
20
10
0
0.5

2.5

5.0

12.5

Sampling Rate [kHz]

Figure 44: Bionode 5.0 total power consumption at different sampling rate: (blue: transmission only,
orange: transmission and stimulation)
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Table 11: Bionode 5.0 total power consumption at different sampling rate

Transmission Only

With Stimulation

Sampling Rate[kHz]

Power Consumption[mW]

0.5

45.21

2.5

45.44

5.0

47.23

12.5

54.27

0.5

83.37

2.5

83.93

5.0

86.92

12.5

93.32

Using a 10Ω current sensing resistor connected in series to the output node of the rectifier
on the Power Board, the power consumption of the Bionode 5.0 was measured when Bionode 5.0
was transmitting the data without stimulation and when it was transmitting and stimulating at the
same time. For each case, four different sampling rates were tested: 0.5kH, 2.5kHz, 5.0kHz, and
12.5kHz. The higher the sampling rate is, the more power the microcontroller—a major power
consumer of the device—requires. If more components are active, the total sum of the power
consumed by the components also increases. Thus, it was expected that the power consumption
would be lower when the device transmitted the data at a lower sampling rate without
stimulation. On the other hand, it was assumed that the power consumption would be higher
when the device transmitted at a higher sampling rate with the stimulation turned on.
Based on the results shown in the table above, the Bionode 5.0 consumed the least
amount of power (45.21mW) when it was only transmitting the data at the lowest sampling rate
(0.5kHz) and consumed the most amount of power (93.32mW) when it was stimulating and
transmitting the data at the highest sampling rate (12.5kHz), as expected.
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4. DISCUSSION

4.1. Comparison between Bionode 4.1 and Bionode 5.0
The ultimate purpose of this paper is to compare Bionode 5.0 with Bionode 4.1 and prove
why Bionode 5.0 is better than Bionode 4.1. Therefore, this section of paper focuses on a
comparison between the two versions in various aspects and reinforces the key features of
Bionode 5.0.
4.1.1. Physical Properties
Table 12: Physical properties of Bionode 4.1 and Bionode 5.0
Bionode 4.1

Bionode 5.0

Volume(a packaged device)

22.72 cm3

14.25cm3

Weight(a packaged device)

19.7 g

13.9 g

Weight(a device only)

13 g

6.72 g

Total utilizable surface area of
PCBs

11.896 cm2

25.415 cm2

Shape of the packaged device

Cylinder

Cuboid

Detachability

Bad

Good

Customizability

Bad

Good

Since Bionode is an implantable medical device, size and weight are the key design
factors. The main goals of upgrading Bionode 4.1 to 5.0 were to simplify the overall structure
and configuration of the device and to reduce the size and the weight as well. In order to achieve
these goals, Bionode 4.1 had to be structurally re-optimized into a new design, and the new
design with a “pocket shape” successfully reduced both size and weight of the device. As it is
clearly indicated in Table 11, the new version of the Bionode is significantly smaller and lighter
and has more surface area on PCBs than the old version, Bionode 4.1. While there were 37.2%
of size reduction and 29.4% of weight reduction, the total utilizable surface area of PCBs
increased by 213.6%. The shape of the packaged device changed into a cuboid, which would
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make the implant more stable inside of the body. Moreover, unlike the Bionode 4.1, Bionode 5.0
does not have a single wire running across the PCBs to connect other boards and pins. By using
male and female right-angle connectors, instead of using the wires soldered on the boards, the
PCBs can be easily detached from each other. This detachability not only makes the trouble
shooting the device much easier but also makes replacing any PCB with a customized board
simpler. Even though the new device is still big and heavy for a rat, it made a meaningful
progress towards the right direction.
4.1.2. Transmission Fidelity

Transmission Fidelity
100%
90%
80%

Fidelity [%]

70%
60%
50%

Bionode 4.1

40%

Bionode 5.0

30%
20%
10%
0%
0m

1m

2m

Distance from the Base Station

Figure 45: Fidelity comparison between Bionode 4.1 and Bionode 5.0

Table 13: Transmission fidelity of Bionode 4.1 and Bionode 5.0
Transmisstion Fidelity

Distance from the Base
Station

Bionode 4.1

Bionode 5.0

0m

89.48 %

99.74 %

1m

55.74 %

98.80 %

2m

1.72 %

98.47 %
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In order to resolve the issue of the data packet loss, a new trace antenna with meandered
inverted F configuration was implemented on the Bionode 5.0. As a result, the transmission
fidelity became more than 98% even when the device transmitted data 2m away from the Base
Station. When the Bionode 4.1 transmitted data to the Base Station at the same distance, only
1.72% of the data packet sent was transmitted successfully. Thus, by upgrading the Bionode to
Version 5.0 from Version 4.1, transmission fidelity at 2m distance increased by 5,625%.
The fidelity increased as the distance between the device and the Base Station decreased.
At 1m away from the Base Station, the Bionode 4.1 and 5.0 transmitted 55.74% and 98.8% of
the data packets sent respectively. When the device was placed right next to the Base Station, the
fidelity of the device increased closer to 100% as expected. While the Bionode 5.0 achieved to
transmit 99.74% of the data packets, the Bionode 4.1 transmitted 89.48% successfully. For
Bionode 4.1, the fidelity decreased dramatically from 89.48% to 1.72% as it became farther
away from the Base Station. However, the transmission fidelity of Bionode 5.0 dropped by only
2% from 99.74% when the distance from the Base Station increased to 2m. Thus, it can be
concluded that the new antenna on the Bionode 5.0 is much more reliable and has resolved the
transmission issue that the Bionode 4.1 previously had.
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4.1.3. Stimulation

(a)

(b)

(c)

(d)

Figure 46: Stimulator performance comparison between Bionode 4.1 and Bionode 5.0: (a,c) results of
stimulation with DC blocking cap, (b,d) Turn-on glitch test results

As it was introduced earlier in the paper, there were several issues that were related to the
Bionode 4.1’s stimulator: 1) DC offset on output pulse signal due to DAC reference tolerances,
2) Charge reduced output pulses due to the DC blocking capacitor built up with charge, 3)
Transmission noise on the stimulation lines, 4) Unexpected glitches on the output caused by
power surges from various parts’ power-up sequences. In order to fix these issues, additional
comparators and switches for more precise controls were added to the old stimulator circuitry,
and the isolated power rails were supplied to the stimulator. Consequently, as it is shown in
Figure 46, all major issues that Bionode 4.1’s stimulator had do not appear on the new stimulator
on the Bionode 5.0. On the output pulse signal of the Bionode 5.0’s stimulator, there is neither
transmission noise nor DC offset of the reference level. Moreover, even if a DC blocking
capacitor is connected in series with the output of the stimulator, there is no charge reduction on
both positive and negative pulses, and the signal can maintain its symmetry. The turn-on
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glitches, which used to appear on the output of the Bionode 4.1’s stimulator, is also no longer
shown on the Bionode 5.0’s stimulator.
Not only the new stimulator solves the issues of the old stimulator, but it also contains a
new feature, the impedance measurement system, which allows the user to check whether the
system is properly stimulating or not and how the condition of the load has changed over the
period of time.
Considering all these aspects, it can be concluded that the new stimulator is a significant
upgrade that increases the overall value of Bionode 5.0.
4.1.4. Recording

Figure 47: Comparison between ECG signals recorded by Bionode 4.1(top) and Bionode 5.0 (bottom)
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The AFE of Bionode 4.1 and 5.0 share almost the same circuit design except for some
features. Both have an ability to record up to four differential biological signals simultaneously;
however, Bionode 4.1 requires an additional PCB with two-channel AFE wired to the main
board while Bionode 5.0 contains four-channel AFE on its Daughter Board as a default. Another
difference is that the op-amp, OP2313, used in the second amplification stage of the Bionode
4.1’s AFE, is replaced with a different op-amp, OPA2348, which has lower power consumption
and the lower noise floor. The last change is that Bionode 5.0 generates an isolated power rails
locally on the Daughter Board to supply stable power to the AFE components. Based on the
results of the acute and chronic animal test, it was verified that Bionode 5.0 can successfully
filter and amplify the various biological signals through the four-channel AFE and transmit them
to the user PC through the Base Station without any significant data loss.
Figure 47 shows two different ECG signals of a rat recorded by Bionode 4.1 and Bionode
5.0 during the same acute experiment. Both devices had the same set of the passive components
for filtering and amplification. As it is shown in the figure, the most noticeable difference
between two recorded signals is the noise. Compared to the signal recorded by Bionode 4.1, the
signal recorded by Bionode 5.0 has significantly less noise on the signal. This noise reduction is
expected since the AFE on the Daughter Board of the Bionode 5.0 has its own isolated power
rails generated separately from other power rails used by the components on the Mother Board.
The isolated power rails minimize the interference coming from microcontroller’s transmission
and powering sequences of other components. Moreover, the new second amplification stage opamp with a lower noise floor could be another factor that contributes to the noise reduction on
the signal. In conclusion, Bionode 5.0 contains an AFE that has more channels with the lower
noise floor compared to the AFE on Bionode 4.1.
4.2. Challenges and Room for Improvement
As discussed earlier, most of the new features added on the new version of the Bionode
seemed to function properly as they were designed. However, during the fabricating and testing
the Bionode 5.0, several unexpected issues emerged, which urged the need to make
modifications on the device.
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The first issue was the distance between the two coils. Based on the sample tests for the
coil tuning done with a mockup during the early stage of the design process, 4mm distance
between the front and the top coil was enough to tune both of them at the targeted resonant
frequency. Thus, the length of the device was adjusted based off this result. However, in the
process of tuning the coils on the actual Bionode 5.0 device, it turned out that a 4mm gap was
not actually sufficient enough to tune the coils properly. Both coils required at least a distance of
6mm between each other in order to be tuned correctly. Since there was no extra space for the
top coil to move farther away from the front coil, the front coil, which was initially designed to
be placed right on the edge of the Power Board, had to be extended out. As a result, the length of
the Bionode 5.0 does not cover the front coil, so the actual package of the device has to be longer
than the device itself in order to create an enough space for the front coil.
In addition to the coil tuning issue, several more issues required changes in terms of the
overall size of the packaged device. First, the 3D printer used for printing the case of the device
could not handle 1mm wall thickness. Hence, 1.5mm was used instead, and this resulted in
increasing the overall volume of the package. The other issue was that connection between the
Feed-through Board and the electrodes. In order to make the connection simple and to increase
the reusability of the electrode and the Feed-through Board, it was initially designed to have
male pin headers on the board and the female socket on the electrode. However, when it came to
the packaging and coating process, the case had to be longer than what was initially designed to
coat and encapsulate the entire connectors sticking outward of the Feed-though Board. If they are
not fully encapsulated with the adhesive, the exposed metal part of the connector is more likely
to cause damage to organs when it is implanted [30-32], and it can also possibly cause leaking
inside of the device [33]. Therefore, the current design for the Feed-through Board and the
electrodes connection needs to be reconsidered; otherwise, the length of the packaged device has
to be increased by a few millimeters.
With regard to recording, the issue was that the current AFE setup for the neural signal
recording had to be modified to capture the signal properly. During the recording test, it was
found that the supply voltage rails for the new op-amp in the second amplification stage is little
lower than what it is recommended in the data sheet. For ECG, ECoG and respiratory signal
recording, the AFE with the new op-amp performed almost the same as it was simulated with a
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circuit simulation program. However, for the neural signal recording, there was a big difference
between the result from the simulation and the result from the actual measurement. Both of the
cutoff frequencies were off by 1k Hz and gain was off by 10 dB. One possible approach to fix
this issue is to try different values for the passive component of the filters to adjust the cutoff
frequency and the gain manually. Another possible approach is to use different op-amp that can
be fully powered with current power rails and has a wider gain-bandwidth product [24].
The current design of the Mother board contains a total of four general-purpose
input/output (GPIO) pins, which also can be configured as analog input (AIN) pins, connected to
the Daughter Board. Due to the space constraint on the Mother Board, the number of pins that
can be used on the connectors was also limited. Thus, for the connection between the Mother
Board and the Daughter, a right-angle connector with only six pins was used: the main power
line, the ground, and four GPIO/AIN lines. As the Daughter Board contains the four-channel
AFE, these four GPIO/AIN lines are the minimum requirement. For the current design of the
Bionode 5.0, no issue has been found with regard to having only four GPIO/AIN lines going into
the Daughter Board. Nevertheless, if a new customized Daughter Board requires more than four
GPIO/AIN lines, the additional pins have to be manually wired; otherwise, the layout of the
Mother Board has to be modified.
4.3. Future Works
Due to time constraints, some tests, using Bionode 5.0 are left to be performed through
future research. First, the animal experiment for testing the new stimulator has not been
performed yet. As it has been performed in the CID, the Bionode 5.0 can be used in a vagus
nerve stimulation either on a rodent or a pig model to study its anti-inflammatory effect. If both
Bionode 4.1 and Bionode 5.0 can be tested in the same acute or chronic animal experiment, it is
possible to make a clear comparison between the two versions of Bionode in terms of the
stimulation functionality.
For the further recording test, a long-term chronic four-channel recording test needs to be
conducted to prove that the Bionode 5.0’s recording system is fully functioning. Due to time
constraints, only a short-term chronic two-channel recording test was done on a rat few days
after the surgery. Ideally, an implanted Bionode 5.0 allows the user to monitor the targeted
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biological signals over a long period time, even up to 70 days [29]. In order to be prepared for
this, a firmware for the battery switch needs to be updated, and the 3D printed case has to be reoptimized, so that the overall size of the implant becomes smaller.
Lastly, as it was briefly introduced earlier in this paper, one possible application of the
Bionode 5.0 with a customized Daughter Board is optical stimulation, which can be used for
genetically modified cells or light sensitive chemicals and drugs [28]. In addition to a switch
with a logic shifter for turning LED on and off, a DAC with a transistor, such as a MOSFET,
needs to be added on the customized Daughter to allow the user to have a control of the
brightness of the LED. The next step then would be designing a case and the optic fiber for the
LED on the Feed-through Board based on the stimulation target.
4.4. Conclusion
Table 14: Comparison between Bionode 4.1 and Bionode 5.0
Category

Bionode 4.1

Bionode 5.0

Volume(a packaged device)

22.72 cm3

14.25cm3

Weight(a packaged device)

19.7 g

13.9 g

Weight(a device only)

13 g

6.72 g

Total utilizable surface area of PCBs

11.896 cm2

25.415 cm2

Shape of the packaged device

Cylinder

Cuboid

Detachability

Bad

Good

Customizability

Bad

Good

Microcontroller

nRF51822

nRF52832

Type of antenna

Monopole Trace

MIFA

2

4

114.553 ��/ ��

84.630 ��/ ��

Number of AFE
Recording
(AFE)

Noise floor
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Power consumption per

231.84 ��

137.34 ��

CMRR

59.751 dB

60.067 dB

PSRR

198.8878 dB

194.8775 dB

Gain bandwidth product

1.357 MHz

0.740 MHz

at 0m

89.48 %

99.74 %

at 1m

55.74 %

98.80 %

at 2m

1.72 %

98.47 %

DC offset

Yes

No

DC blocking cap

No

Yes

Transmission noise

Yes

No

Turn-on glitch

Yes

No

Impedance measurement

Not available

Available

Voltage headroom

10.5 V

7.5 V

Maximum current
amplitude (over a 10k Ω)

1.05 mA

0.75 mA

Total power consumption (Transmitting
without stimulation, 5k Hz sampling rate)

45 mW

47.23 mW

channel

Transmission
Fidelity

Stimulation

In conclusion, Bionode 5.0 successfully solved the following issues that Bionode 4.1 had:
1) Unwanted data loss due to the failure of communication between the device and the base
station, 2) stimulator's imbalanced output with glitches and noise, 3) structural complexity which
made debugging and constructing the device difficult, 4) device configuration which could not
be customized for the specific applications. As it is summarized in Table 13, upgrading to
Bionode5.0 led to the size reduction by 37.2% and the weight reduction by 29.4%, while the total
utilizable surface area of PCBs increased by 213.6%. Utilizing the doubled surface area, a
meandered inverted F trace antenna, which could cover the 2.4 GHz industrial, scientific, and
medical (ISM) radio band, was implemented to increase the fidelity of the data transmission up
to 99%.

In addition, both AFE and stimulator of the device were upgraded, so the old
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stimulator’s issues could be cleared out and the recording became more stable. Even though
there is still room for improvements, this detachable and customizable device has great potentials
to be widely utilized in various applications for the medical research in the near future.
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SUPPLEMENTARY INFORMATION

Table S1: AFE comparison between Bionode 4.1 and Bionode 5.0
Category

Bionode 4.1

Bionode 5.0

2

4

114.553 ��/ ��

84.630 ��/ ��

231.84 ��

137.34 ��

CMRR

59.751 dB

60.067 dB

PSRR

198.8878 dB

194.8775 dB

Gain bandwidth product

1.357 MHz

0.740 MHz

Number of AFE

Noise floor

Power consumption per
channel

